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Abstract 

The geometric and electronic properties of silicene paired on MoS2 substrate are 

studied systematically by using density functional theory with van der Waals 

correction. It is found that the nearly linear band dispersion can be preserved in the 

heterobilayers due to the weak interface interactions. Meanwhile, the band gap is 

opened because of the sublattice symmetry broken by the intrinsic interface dipole. 

Moreover, the band gap values could be effectively modulated under an external 

electric field. Therefore, a way is paved for silicene/MoS2 heterobilayers as the 

candidate materials for logic circuits and photonic devices. 
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jiangq@jlu.edu.cn. 
Electronic supplementary information (ESI) available: Comparable band structures of pristine silicene and 
silicene/MoS2 heterobilayer without and with strain, the structures and lattice parameters for unstable 
configurations of heterobilayers. 
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1. Introduction 

Silicene,1 the Si counterpart of graphene, is a two-dimensional crystal with a 

hexagonal lattice structure. Experimentally, it has been synthesized successfully in 

forms of pristine monolayer on Ag surface,2, 3, 4 ZrB2 thin films5 and Ir surface,6 

Mg-doped sheets7 and free-standing Si multilayers.8 Since its discovery, it has 

triggered enormous interest in exploring the unique properties and potential 

applications. The electronic band structure of silicene is very similar to that of 

graphene: it is a zero-gap semi-metal with Dirac cones at Fermi energy (EF).9, 10 Thus, 

the extremely high carrier mobility is expected from the linear energy dispersion 

relation near EF, and the intrinsic value for pristine silicene is theoretically estimated 

on the order of 105 cm2V-1s-1.11 When silicene is used as the channel, the transistor 

would own an ultrafast speed, making it able to operate in the THz frequency range.12
 

Thus the fascinating electronic properties and compatibility with the existing 

electronics industry make silicene a promising material for high-speed switching 

devices. Moreover, several intriguing properties which are different from graphene 

can be brought into silicene. For instance, the quantum spin Hall effect can be 

observed in an experimentally accessible low temperature regime in silicene with a 

much higher spin-orbital band gap than graphene.13,14 The low-buckling of silicene15 

facilitates the gap opening via applying the external electric field (F),16,17,18 or pairing 

on a substrate.19
 In addition, it is found that the stronger binding of metal adatoms to 

silicene,20 high-sensitive silicene to NH3, NO and NO2 molecules21 and relatively low 

barriers for Li diffusion in silicene.22 
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Due to the reactive nature of Si in silicene,20, 23 the existence of substrates could 

increase the structural stability.24 Currently, most of the preparations of silicene are 

focused on the metallic substrates,4, 25 which are undesired in nanoelectronic devices. 

Moreover, the strong silicene-substrate interaction would destroy the Dirac cone of 

silicene and thus make the carrier mobility greatly reduce.5 Consequently, it is 

desirable to find a proper non-metallic substrate to accommodate silicene without 

disturbing its Dirac feature. Besides that, a sizable and tunable band gap (Eg) opened 

at the Dirac point is also highly expected towards the electronic applications.12 Some 

semiconducting substrates have been proposed theoretically, such as BN26 and GaS 

sheets,27 SiC,28 Si,29 diamond30 and ZnS surfaces31 for silicene-based nanoelectronic 

devices. Despite these achievements, there is no experimental evidence for these 

heterostructures. 

Very recently, the Si single layer epitaxial grown on MoS2 substrate was 

successfully synthesized with improved conductivity.32 It is known that bulk MoS2 is 

a semiconductor with indirect bandgap (1.29 eV), whereas the MoS2 monolayer is 

optically active with a direct Eg of about 1.90 eV.33 Thus, MoS2 would be used as the 

substrates with the added advantage of layered graphite-like structure with hexagonal 

atomic arrangement. Actually, the graphene absorbed on MoS2 substrate has attracted 

extensive experimental and theoretical attention.34, 35, 36 However, the systematic 

analysis of the electronic properties of the heterobilayers (henceforth silicene/MoS2) 

from the theoretical point of view is absent so far. Therefore, in the following, we 

investigate the structural and electronic properties of silicene/MoS2 heterobilayers by 
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density functional theory (DFT) calculations with van der Waals (vdW) correction. 

We find that the interaction between silicene and MoS2 substrate is weak, it is thus 

expected that the Dirac states are not perturbed in the heterobilayers. Moreover, a 

sizable Eg is opened in silicene/MoS2 and the value is tunable under F. 

2. Computational methods and models 

The first-principle DFT calculations are performed within the DMol3 code.37,38 

The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 

is utilized as the exchange-correlation functional.39 Because the weak interactions are 

not well described by the standard PBE functional, the DFT-D (D stands for 

dispersion) approach within the Grimme scheme is adopted for the vdW correction.40 

DFT Semi-core Pseudopots (DSPP), which induce some degree of relativistic 

correction into the core, are used for the core treatment. Moreover, double numerical 

atomic orbital plus polarization is chosen as the basic set with the global orbital cutoff 

of 4.6 Å. The k-point is set to 9 × 9 × 1 for structural optimizations and 16 × 16 × 1 

for electronic properties calculations, and the smearing value is 0.005 Ha (1 Ha = 

27.2114 eV). The convergence tolerance of energy, maximum force, and maximum 

displacement are set to 1.0 × 10−5 Ha, 0.002 Ha/Å and 0.005 Å, respectively. A large 

vacuum of 60 Å is used to prevent the interaction and artificial dipole moment effects 

from neighboring cells in the direction normal to the silicene surface. The F is applied 

in the direction perpendicular to the heterobilayer plane from -1.0 to 1.0 V/Å, and 

then geometry relaxation is carried out. This method for applying the electric field is 

similar with the previous report.16 The part about plane-averaged electron density and 
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electron density difference is calculated in CASTEP code,41 with a plane-wave kinetic 

energy cutoff of 290 eV. It is believed that the numerical basic sets implemented in 

DMol3 could minimize or even eliminate basis set superposition error (BSSE) 

compared with the Gaussian basis sets.42 Since DMol3 uses the exact DFT spherical 

atomic orbitals, the molecules can be dissociated exactly to its constituent atoms. 

Consequently, the corrections of BSSE are not considered here. 

The lattice parameters of pristine silicene and MoS2 monolayer are 3.82 and 3.13 

Å, respectively.43 Note that the matched structure usually forms when the mismatch 

between lattice constants is small.44 Being similar with the modeling methods of 

graphene/MoS2 heterostructures,35, 36 we impose a commensurability condition 

between the silicene and MoS2 monolayer, where a 4 × 4 lateral periodicity of silicene 

and 5 × 5 lateral periodicity of the MoS2 monolayer are employed, resulting in a 

mismatch of around 2.42%. We choose the lattice constant of MoS2 substrate (15.65 

Å), and scale the in-plane lattice constant of silicene. Our test computations show that 

for the pristine silicene the elongation of lattice constant by 2.42% has little effect on 

Eg because the sublattice symmetry is still kept (see Fig. S1 (a) in ESI), which is 

consistent with the previous results.45 We also consider other matching procedure for 

the heterobilayers, such as adopting the lattice constant of pristine silicene (15.28 Å), 

and find no noticeable differences for the band structures (see Fig. S1 (b) in ESI). We 

have also studied substrate of MoS2 with varying thickness. It turns out that for the 

heterostructures with vdW interlayer interaction, the thickness of substrate hardly 

influence on the electronic states near EF.46 Thus, in the following, we will focus on 
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the case of MoS2 monolayer. 

To quantitatively characterize the interface binding properties, the binding 

energy (Eb) between the silicene and MoS2 monolayer is calculated as, 

Eb = Etotal – Esilicene – EMoS2,                    (1) 

where Etotal, Esilicene and EMoS2 are energies of the composite, free-standing silicene and 

pristine MoS2 monolayer, respectively. Based on this definition, a larger Eb value 

stands for the stronger interface binding. 

3. Results and discussion 

For the silicene/MoS2 hybrids, six representative configurations are considered 

and the corresponding structural parameters are calculated (see Fig. S2 and Table S1 

in ESI). The structural parameters and Eb for different patterns are similar, which is in 

agreement with the graphene/MoS2 heterobilayers.35
 Thus, in the following, we only 

consider the most stable configuration in Fig. 1, where in a supercell one Si atom is 

directly above one S atom and one Si atom is located above the hollow site of MoS2 

hexagon. Eb is 120.32 meV per Si atom, which is similar with that for silicene/GaS 

(126 meV per Si atom) within plane-wave basis set.27 It denotes our calculations for 

Eb are reliable. The interlayer distance d as labeled in Fig. 1 is 2.93 Å. The d value is 

much larger than the sum of covalent radii of Si and S atoms, which means that the Si 

atoms of silicene and S atoms of MoS2 are beyond bonding range. The buckled 

distance in silicene (Δ) is 0.56 Å, being a little larger than that in pure silicene (0.44 

Å),9,15 suggesting the slight structural distortion in silicene is induced by the substrate. 

Thus, silicene is found to interact weakly with the MoS2 monolayer. 
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It was reported that the electronic properties of graphene-related materials would 

be modulated notably by the weak interlayer interactions.29, 47 To reveal this effect on 

silicene, the band structure of silicene/MoS2 is calculated in Fig. 2(c). As a 

comparison, the band structures of pristine silicene and MoS2 monolayer are first 

calculated in Figs. 2(a) and 2(b), respectively. For MoS2 monolayer, Eg = 1.84 eV, 

being similar with the experimental results.33 Obviously, the band structure of 

silicene/MoS2 seems to be a simple sum of those of each constituent, as expected on 

the basis of the relatively weak interlayer interactions. Remarkably, the curvature of 

band dispersion around the Dirac point of silicene/MoS2 is almost linear, suggesting 

the carrier effective mass and consequently the high carrier mobility is hardly 

influenced by the MoS2 substrate.26, 28, 29 In order to see the states near EF, the partial 

density of states (PDOS) of the separated silicene and MoS2 from the heterobilayer 

are plotted in Fig. 2(d). It is found that the states of silicene/MoS2 near EF are 

dominated by π and π* bands in silicene, denoting that the electronic and transport 

behaviors of the hybrid structure are mainly determined by silicene. More importantly, 

a considerable Eg of 70 meV is opened at K-point, which is more pronounced than the 

room temperature thermal scale (26 meV). It denotes that the on-off current ratio in 

logical devices would largely improve. The opened Eg in silicene/MoS2 is much larger 

than that in graphene/MoS2 (nearly zero),35 denoting the opening Eg is much easier for 

silicene. Since the presence of a finite Eg without degrading the electronic properties 

of silicene is highly expected,48 the MoS2 is a suitable choice as a substrate for 

silicene-related electronic devices. 
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In order to gain more insights into the opened Eg of silicene/MoS2, we calculate 

the plane-integrated electron density difference Δρ = ρtotal – ρsilicene – ρMoS2 (ρtotal, 

ρsilicene and ρMoS2 are the plane-averaged electron density of silicene/MoS2, silicene 

and MoS2, respectively) to visualize the electron redistribution upon the formation of 

interface in Fig. 3. The notable electron rearrangement localizes at the interface and 

this behavior is visually revealed in the inset of Fig. 3. Clearly, electrons are depleted 

on the silicene side (yellow area), while piled up on MoS2 side (blue area). Moreover, 

electron orbital overlap between silicene and MoS2 layer is observed. This electron 

redistribution occurred at the interface often leads to the intrinsic interface dipole and 

it is quite general for a heterostructure with vdW interlayer interaction.46,49 

The flowing direction of electrons can be judged simply by the related work 

function (W). Let W be the energy barrier to extract an electron from the position of 

EF to the vacuum level. For pristine silicene, W value calculated is 4.79 eV, being 

close to other literature data.50, 51 While for MoS2 monolayer, W = 5.36 eV, which is 

0.57 eV larger than that of silicene. Thus, the electrons may transfer from silicene to 

MoS2. The definitive quantities for the electrons injection into MoS2 are the energy 

level disposition between the ionization potential and electron affinity potential of the 

MoS2, i.e., the valence band maximum (VBM) and conduction band minimum (CBM), 

and the W of silicene. As shown the schematic map in Fig. 4, for our system, the EF of 

silicene lies between the VBM and CBM of MoS2 monolayer. According to the 

integer charge transfer model,52, 53 the charge transfer is negligible, and the so-called 

vacuum level alignment holds for such type of interface.54 Thus, the electrical 
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neutrality of silicene is kept where EF lies in the gap as shown the band structure for 

the heterobilayer in Fig. 2(c), which is similar with graphene/BN.55 Further Mulliken 

population analysis shows that silicene averagely loses 0.009 e per Si atom. 

Moreover, the average Mulliken population of A and B sublattices in silicene (eA 

and eB) are 0.074 and -0.056 e, respectively, which means the sublattice symmetry in 

silicene is broken. The sublattice asymmetry can be also reflected in Fig. 3 where the 

electron density around the A and B sublattices in silicene distributes unequally. It is 

because that the Coulomb fields felt by the A and B sublattices in a buckled structure 

are different, resulting to the two sublattices no longer equivalent. Thus, according to 

a tight-binding model, a gap at K-point is opened.56 It is noted that although the 

Mulliken population analysis is rough and incapable of taking the charge’s spatial 

distribution into account, the eA and eB can be used here to reflect the asymmetry 

between the two sublattices in silicene. 

Actually, as the mechanism of Eg opening for silicene/MoS2 is induced by the 

intrinsic interface dipole, an external electric field would continuously modulate the 

electron redistribution at the interface and thus eventually tune the Eg, as reported for 

the free-standing silicene and silicene/BN hybrid.16, 17 Thus, to resolve this proposal, 

we introduce an external electric field to silicene/MoS2 heterobilayers. The electric 

field direction is shown in the inset of Fig. 5 (a) where the positive direction points 

from MoS2 to silicene. Under F the structure modulations of heterobilayers are only a 

little. When F changes from -1.0 to 1.0 V/Å, the Δ and d values have the small 

oscillations between 0.56 to 0.60 Å and 2.91 to 2.95 Å, respectively. Thus, it is found 

Page 9 of 19 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



  10

that the effect of structural modification on Eg is also slight (within 8 meV). 

However, F has a remarkable impact on the electronic properties of 

silicene/MoS2 heterobilayers. The Eg value as a function of F is displayed in Fig. 5 (a). 

Under a positive F, Eg monotonously enlarges up to 191 meV. When a negative F is 

applied, Eg first decreases and disappears under F = -0.5 V/Å, then it progressively 

increases to 75 meV under F = -1.0 V/Å. Clearly, the Eg value is nearly linear 

dependent on F, the slope of which is 0.15 e·Å, being slightly smaller than the value 

for free-standing silicene (0.17 e·Å).16 It is concluded that the combined effect of 

substrate and F on Eg for silicene/MoS2 is almost a simple summation of the separated 

effects. The linear relation of Eg on F was also reported for silicene/BN and 

silicene/GaS hybrids.16, 27 Note that the high electric breakdown of silicene and MoS2 

layers allows the application of large electric bias.16, 57 

In order to understand the tunable Eg under F, Fig. 5 (b) displays the eA and eB, 

and average Mulliken population in silicene as a function of F. When F is applied in 

the positive direction, the negative electrons are “pushed” from silicene to MoS2, thus 

the silicene is more positive charged with F, and then the dipole at the interface 

enhances. When F reaches 1.0 V/Å, silicene loses 0.044 e per Si atom. When F is 

applied in the negative direction, the transferred direction of electrons is from MoS2 to 

silicene. Thus, the charge of silicene first decreases to zero at F = -0.3 V/Å. With 

further increase of F, silicene is no longer positive charged; on the contrary, silicene is 

more and more negative charged, and the value reaches -0.023 e at F = -1.0 V/Å. At 

this time, the negative F compensates the intrinsic dipole at the interface first, and 
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then the reversed dipole increases. Meanwhile, eA monotonously increases (reduces) 

under the positive (negative) F, while the variation of eB is opposite on eA. Namely, 

the eA and eB deviate from each other under a positive F, when a negative F is applied, 

they approach each other first until eA = eB, and then deviate each other. Consequently, 

a positive F increases the broken-symmetry between the two sublattices, leading to an 

increased Eg. While a negative F reduces the asymmetry first and then increases it 

thus makes Eg reduce first and then increase. 

Moreover, the magnitude of Eg in silicene/MoS2 is robust in stacking (see Table 

S1 in ESI), which may bring convenience for experimental preparation and device 

integration. The similar modulation of Eg in response to F as stable pattern holds true 

for other patterns, thus, depending on the direction and strength of F, Eg of 

silicene/MoS2 heterobilayer can be efficiently tuned. Consequently, the hybrid 

structures of silicene/MoS2 provide a promising candidate for fabricating logic 

circuits and photonic devices. Finally, we must point out that the experiments for 

silicene/MoS2 heterostructures were carried out in an ultra-high vacuum condision.32 

Fortunately, the theoretical results predicted that the arrangements of silicene between 

graphene or BN layers were proposed to synthesize silicene with electronic properties 

decoupled from the substrate, which were stable well above room temperature.16, 58 

This is may be a possible direction for the experimental fabrication and applications 

of silicene-related materials. 

4. Conclusions 

In conclusion, our DFT calculations with vdW correction demonstrate that the 
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structural and electronic properties of silicene/MoS2 heterobilayers are fairly robust to 

stacking order. The interaction of silicene and substrate is weak, which ensures the 

high carrier mobility largely preserved. Moreover, a sizable Eg is induced by the 

intrinsic interface dipole, which breaks the symmetry between the two sublattices in 

silicene. Under a vertical F, the heterobilayer exhibits a continuously tunable Eg. Thus, 

the silicene/MoS2 heterobilayers are potential candidates for the high performance 

nanoelectronic devices. 
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Captions 

Fig. 1 (a) Top and (b) side views of stable silicene/MoS2 configurations. The yellow, 

blue, khaki and brown balls denote S, Mo, A and B sublattices of Si atoms in silicene, 

respectively. The buckled value in silicene and the distance between the two layers is 

labeled. The supercell is represented by the green lines. 

Fig. 2 Band structures of (a) free-standing silicene, (b) isolated MoS2 monolayer and 

(c) silicene/MoS2 heterobilayer. (d) PDOS for separated silicene and MoS2 from the 

heterobilayer. The Fermi energy is set to zero. 

Fig. 3 Plane-integrated electron density difference Δρ for silicene/MoS2. The vertical 

dashed lines indicate the location of each layer for a given composite system. The 

inset is the 3D isosurface of electron density difference, the blue and yellow areas 

represent electron accumulation and depletion, respectively, and the isosurface value 

is ±0.0025 electrons/Å3. 

Fig. 4 Schematic drawing of the energy level disposition for the pristine MoS2 

monolayer and silicene. 

Fig. 5 (a) Eg and (b) Mulliken charge of A sublattice, B sublattice and silicene as a 

function of F for silicene/MoS2. The inset of Fig. 5 (a) is sketch map of F direction. 
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Fig. 1 
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Fig. 2 
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Fig. 3 

 

 

Fig. 4 
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Fig. 5 
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